Abstract Climate change is projected to influence the genetic resources of plant species. Recent research has examined genetic diversity patterns under current climate conditions, with little attention to the future genetic consequences for species. In this study, we combined ecological niche modeling and population genetic approaches to project future changes in genetic diversity using plastid and nuclear DNA and reconstructed distribution patterns of three circumboreal plants (Chamaedaphne calyculata, Linnaea borealis ssp. borealis, and Pedicularis sceptrum-carolinum ssp. sceptrumcarolinum) in the last glacial maximum. We found that circumboreal plants could potentially lose their geographic ranges in the future (2070; 35-52% in RCP 4.5 (representative concentration pathways), 37-53% in RCP 6.0, and 56-69% in RCP 8.5), only slightly compensated by a predicted range gain of 18-33% (across the three RCPs). It is expected that future genetic diversity level could remain similar or lower than the present level. On the other hand, the homogeneity of the genetic background-a lack of admixture and domination of one gene pool in most populations of C. calyculata and L. borealis ssp. borealis-was predicted to become more pronounced in the future. Combining the paleoecological niche modeling and genetic data revealed, more precisely, the climate refugia for circumboreal plants in the Alps, central Asia, Beringia, and southern North America and the macrorefugia more restricted to the northern part of Eurasia and North America, reaching the arctic zone.
Introduction
Life-history traits, population dynamics, and natural or human impacts (e.g., isolation, fragmentation, and climate changes) have been widely discussed as major determinants of intraspecific genetic diversity (e.g., Loveless and Hamrick 1984; Hamrick and Godt 1989; Barrett and Husband 1990; Young et al. 1996; Gitzendanner and Soltis 2000; Nybom 2004; Jump and Peñuelas 2006; Parmesan 2006; Bizoux and Mahy 2007) . In recent years, climate has been more frequently considered as a factor shaping genetic resources within species, through species distribution shifts and increasing range fragmentation. Although surveys of genetic diversity under current climate conditions have a rich history in the literature, potential future impacts on the genetic diversity of species are rarely examined (Alsos et al. 2009; Thomassen et al. 2010; Beatty and Provan 2011; Collevatti et al. 2011; Alsos et al. 2012; Jay et al. 2012; Eidesen et al. 2013; Temunovic et al. 2013; Steane et al. 2014) . Northern plant species could be more severely threatened than other species by recent and future climate change Parmesan 2006 ). Only Alsos et al. (2012) have exhaustively described future genetic and geographic diversity patterns of northern plants; they pointed out that a higher loss of genetic diversity is to be expected within this plant group than for temperate species Electronic supplementary material The online version of this article (doi:10.1007/s10113-017-1208-3) contains supplementary material, which is available to authorized users.
borealis, Caprifoliaceae), and Pedicularis sceptrumcarolinum ssp. sceptrum-carolinum (P. s-c ssp. sceptrumcarolinum, Orobanchaceae). These taxa have partially overlapping and fragmented ranges in Eurasia as well as in North America (Meusel et al. 1978; Hultén and Fries 1986; Fig. 1a-c) . Previous studies of these taxa did not consider the effects of climate change on their past and future geographic distributions and their future genetic resources, but focused on current phylogeographic and genetic diversity patterns in their Eurasian and North American geographic ranges (Wróblewska 2012 (Wróblewska , 2013a . Surveys of two plants (C. calyculata and L. b ssp. borealis) using cpDNA and ITS markers showed different phylogeographic patterns but surprisingly low Nei's gene diversity in each of them (AFLP markers). A clear phylogeographic split between Eurasia/NW North America and NE North America was shown in the C. calyculata distribution, coinciding with Sphagnum-dominated peatlands in North America (Wróblewska 2012) , while L. b ssp. borealis was characterized by a shallow and weak phylogeographic structure in its Eurasian range (Wróblewska 2013b) . The genetic diversity of P. s-c ssp. sceptrumcarolinum was previously investigated only on a small range scale in western peripheral populations in Europe (Wróblewska 2013a) . The taxa also differ in biology (growth form, type of reproduction, breeding system, and dispersal adaptation) and differ in population size within the geographic ranges (Wróblewska 2012 (Wróblewska , 2013a .
One promising geospatial technique for use in evolutionary and ecological studies involves ecological niche models (ENMs; Svenning et al. 2011 ). These models indicate potential rather than realized distributions, but the difference between recent and potential future distributions can be a source of valuable information on possible range shifts (Guisan and Thuiller 2005) , the risk status of current ranges, and the dispersal rates required to reach suitable new habitats (Jump et al. 2009 ). Based on ENM approaches, Jay et al. (2012) implemented ancestry distribution models to forecast changes in intraspecific genetic diversity in response to climate change, using correlations between environmental variables and individual ancestry. Ancestry distribution models can help predict the future genetic resources of species, which is important for assessing their evolutionary potential and for management. The circumboreal plants in the present study are considered to be under various levels of local extirpation due to the effects of climate change, and we expect their genetic resources to differ markedly in the future. We implemented ENM and population genetic approaches (i) to determine the respective climate envelopes for the past (ca. 21 kya BP), current, and potentially future (2070) geographic ranges within Eurasia and North America; (ii) to estimate changes between current and future population genetic structure in each taxon, that is, the current and future rates of gene migration correlated with environmental variables and changes in genetic diversity expected as a consequence of range loss; and to predict (iii) the climate refugia-locations where taxa survive periods of regionally adverse climate, areas where plants could survive during the LGM (ca. 21 kya BP, Ashcroft 2010; Gavin et al. 2014 )-and the locations of their macrorefugia, that is, the overlap of current and future areas of suitable climate (Temunovic et al. 2013 ).
Materials and methods
Predictive ecological niche models for the last glacial maximum, present and future Giovanelli et al. 2010) , since these can lead to overfitting of the model. After removing those variables that exhibited a strong correlation, five of them for C. calyculata and L. b ssp. borealis (BIO2 = mean diurnal range, BIO5 = max temperature of warmest month, BIO7 = temperature annual range, BIO8 = mean temperature of wettest quarter, BIO12 = annual precipitation) and seven of them for P. s-c ssp. sceptrumcarolinum (BIO1 = annual mean temperature, BIO3 = isothermality, BIO6 = min temperature of coldest month, BIO8 = mean temperature of wettest quarter, BIO9 = mean temperature of driest quarter, BIO11 = mean temperature of coldest quarter, BIO12 = annual precipitation) were used for modeling the current distribution and then reconstructing the paleodistribution during the LGM (ca. 21 kya BP) with CCSM4, MPI-ESM-P, and MIROC-ESM with spatial resolution between 2.5 min (of a longitude/latitude degree). ENMs were also projected to the future under climate change scenarios for 2070s. The climate change scenarios used for the projections followed three of the representative concentration pathways (RCPs) reported in the Coupled Model Intercomparison Project Phase 5 (CMIP5) data: RCP 8.5 (~8.5 W m −2 stabilized after 2100, slightly more severe than SRES A2), which corresponds to a Bnon-climate policy^sce-nario translating into high severity climate change impacts, a moderate mitigation scenario RCP 6.0 (stabilization at 6 W m − 2 by 2100, similar to SRES A1B) requiring a climate-policy intervention, and a stronger mitigation scenario RCP 4.5 (~4. 5 W m −2 stabilized after 2100, similar to the lowest-emission scenarios, B1) assuming the imposition of a series of emission mitigation policies (Masui et al. 2011; Riahi 2011; Thomson et al. 2011) . Six CMIP5 models under three RCPs (8.5, 6.0, and 4.5) for the 2070s were used to avoid the bias related to the choice of a particular global climate model (GCM): CCSM4, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM, MIROC5, and NorESM1-M. These models are among the most used models currently available for simulating the global climate response to increasing greenhouse gas concentration (Watanabe et al. 2011; Dufresne et al. 2013; Betts et al. 2015) . Projections were summarized using the median of the predicted probabilities of occurrence across the six GCMs. Moreover, climatically suitable areas for studied populations were averaged for six GCMs used under three different RCP scenarios in order to show variance between models. In ArcGIS v. 10.0 (ESRI Inc., Redlands, CA), we classified the probability of niche occurrence data in 10 equivalent classes of 0.1. In order to validate the model, the occurrence points were divided into two in two parts-75% of points were used to train the model and other 25% to test it. Models were evaluated upon the area under curve (AUC) value of receiver operator characteristics (ROC) for testing data. This is a common procedure, although with limitations (Lobo et al. 2008) ; therefore, values of test omission rates for selected threshold were also considered to judge model. There are several methods for selecting thresholds, and their possible impacts on the predicted distributions have been explored and discussed in the literature (Liu et al. 2005; Nenzén and Araújo 2011) . However, there is currently no consensus on the most suitable and stable method for applying thresholds to species range projections (Nenzén and Araújo 2011) . The logistic output in MaxEnt estimates the probability of presence, assuming that the sampling design is such that typical presence localities have a presence probability of ca. 0.5, but this value is fairly arbitrary (Liu et al. 2005; Phillips et al. 2006) . Therefore, we selected those catchments corresponding to MaxEnt values indicating maximum training sensitivity plus specificity, which is considered a more robust approach (Liu et al. 2005) .
We also presented the overall (past, present, and future) models as maps of overlap between the current and predicted geographic ranges (2070) to visualize putative macrorefugia under climate change (Temunovic et al. 2013) . The reduction of climatically suitable areas across the future geographic range was calculated as the frequency of current pixels to be lost in 2070.
Sample collection and genetic diversity under scenarios of current and future climate change Three circumboreal plant taxa were collected from their geographic range, making a total of 769 plant samples from 68 populations. The sampling strategy has been published in Wróblewska (2012 Wróblewska ( , 2013a . The details of sequencing and AFLP laboratory procedures have been published in Wróblewska (Wróblewska 2012 (Wróblewska , 2013a Supplementary information Table S1 ).
For the phylogenetic analysis, sequences were imported into BEAST 2.0 software (Drummond et al. 2012) . We used the BEAUTI program to unlink the substitution models of the data partitions and to implement the models of sequence evolution identified as optimal by JMODELTEST 0.1.1 (Posada 2008) . The fit of the nucleotide substitution models was assessed with the Akaike information criterion (AIC). Simulations were run using Markov Chain Monte Carlo (MCMC) for 10,000,000 generations, with a storage of 10,000 in BEAUTI. Finally, we discarded the trees as burnin and summarized the trees using TREEANNOTATOR 1.7.2. The tree was visualized with FIGTREE 1.3.1 (Rambaut 2010) .
We standardized the minimum sample size using the rarefaction as the rarefy function of R package vegan (Mitka et al. 2015; Oksanen et al. 2015) and then calculated mean intrapopulation gene diversity (H, Nei 1987) using function diversity and frequency-down-weighted marker values (DW) using function rarity index as described by Schönswetter and Tribsch (2005) with AFLPdat software (Ehrich 2006) in each population of the three taxa. We assumed that only populations found in regions above a certain level of suitability (above the value of maximum training sensitivity plus specificity threshold) will persist. It is possible to recalculate the overall genetic diversity parameters (H and DW) within each plant across the geographic range, which generates the gene pool of individuals for the future generations. Spearman rank correlations were used to estimate the degree of association of gene diversity (H) and frequency-down-weighted marker values (DW) with longitude and latitude and bioclimatic variables for modeling the current distribution for each taxon. We also estimated the expected loss of genetic diversity within each investigated taxon as the consequences of range loss based on the assumptions and method proposed by Alsos et al. (2012) . The study area was divided on an arbitrary grid of 500 km × 500 km cells using ARCMAP 9.2, and only grid cells with the sampling localities were considered. In this method, the loss of genetic diversity is considered as the loss of AFLP markers occurring from randomly removing an increasing number of grid cells. The results were then plotted showing minimum, maximum, mean, and median number of markers lost for an increasing number of grid cells removed. It was shown to estimate for differences in sampling intensity in different areas.
Genetic differentiation among the sampled populations within each species (F ST ) was determined by analyses of molecular variance (AMOVA), and levels of significance for populations were determined using a permutation test (1000 permutations) to obtain solid test statistics with ARLEQUIN 3.11 (Excoffier et al. 2005) .
For each plant taxon, to infer population structure, we used the spatial Bayesian clustering algorithm described by Jay (2011) and implemented in POPS (http://membres-timc. imag.fr/Olivier.Francois/pops.html). This Bayesian algorithm incorporates genetic and geographic data and infers an admixture coefficient based on the correlation between environmental variables and individual ancestry (Jay 2011) . POPS also provides a facility to estimate changes in population genetic structure under a scenario assuming future climate changes that can provide indirect estimates of future rates of gene migration (Jay et al. 2012 ).
We studied plants in which both sexual and vegetative reproduction could occur. Previous studies of these three taxa revealed that multidirectional gene flow was possible and not limited within the geographic range (Wróblewska 2012 (Wróblewska , 2013a ; therefore, we consider admixture models (Falush et al. 2007 ). Ten independent replicates were run for all possible values of the maximum number of clusters (K max ) in each plant. We ran POPS using the spatial coordinates of each individual as covariates. The forecasts from regression models were obtained from bioclimatic variables for the current climate, considering the same variables selected from ENM, for three RCPs. For the simulated data, the POPS runs used 200,000 sweeps with an initial burn-in of 100,000 sweeps. We identified the optimal genetic structure when the deviance information criterion (DIC) curve began to plateau. Then, we applied the same genetic and geographic data, while the same bioclimatic variables were generated for 2070 to forecast the population genetic structure in the future for each taxon. In C. calyculata, we identified two phylogeographic groups within the geographic range (coinciding with Sphagnumdominated peatlands); so, we performed a spatial Bayesian clustering algorithm (Jay 2011) in these groups separately.
Results

Ecological niche model
In our data, the AUC values indicate very high model fit for each studied species. The variance between the models represented about 30-50% of the mean climatically suitable areas and was comparable between RCP scenarios, but lower in P. sc ssp. sceptrum-carolinum than in other two studied species (Supplementary information Table S2 ). For C. calyculata, L. b ssp. Borealis, and P. s-c ssp. sceptrum-carolinum, the respective AUC training values pertaining to the ROC curve produced by MAXENT were 0.880, 0.867, and 0.937, and the testing values were 0.906, 0.892, and 0.966. Test omission rates reached moderate level (0.231) for C. calyculata and fairly accurate (0.135) for L. b ssp. borealis and (0.026) P. sc ssp. sceptrum-carolinum, respectively. The truncation threshold was 0.342 for C. calyculata, 0.395 for L. b ssp. borealis, and 0.178 for P. s-c ssp. sceptrum-carolinum; regions with suitability values lower than those given above for each taxon were unlikely to maintain the taxa in any scenario. We generated an ecological niche model (ENM) of the current range (Fig. 1a-c) , which described relatively well the present distribution of C. calyculata, L. b ssp. borealis, and P. s-c ssp. sceptrum-carolinum. For L. b ssp. borealis, the current modeled distribution also reached northern North America, where only the distribution ranges of other L. b ssp. borealis subspecies have been reported (ssp. americana (Forbes) Hultén ex R.T. and ssp. longifolia (Torr.) Hultén). The paleo-ENMs were more variable between circumboreal species. A wider range of suitable areas for persistence during the LGM was identified in C. calyculata in southern areas of Europe, Southeast and East Asia, and southern North America, as well as central Alaska and part of Yukon Territory (Fig. 1a) ; in L. b ssp. borealis-such areas occurred at 48-69°N and in central Alaska (1b). In P. s-c ssp. sceptrumcarolinum, the paleo-ENM showed that Southeast Asia and the more southward parts of Europe became probable suitable climate refugia during the LGM (Fig. 1c) .
Future ENMs predicted that climate change will result in a clear northward shift in the distribution of the studied circumboreal plants, with suitable conditions restricted to northern parts of Eurasia and/or North America. Future suitable areas also spread to the Tibetan Plateau (Fig. 1a-c) . The predicted future range of P. s-c ssp. sceptrum-carolinum will be more restricted than for the other two, with a narrow northern zone in Europe in both simulations. With the threshold indicating sensitivity-specificity sum maximization, the shares of geographic ranges that may be lost in the future were quite similar: for L. b ssp. borealis and P. s-c ssp. sceptrumcarolinum (52%) and lower in C. calyculata (35%) in RCP 4.5, from 37 to 53% in RCP 6.0 and more severe 56-69% in RCP 8.5 (Table 1) . The percentage of range gain for 2070 was similar for C. calyculata (19-29%) and for L. b ssp. borealis (ca. 18-29%) and slightly higher for P. s-c ssp. sceptrumcarolinum (21-33%) in all RCP scenarios. Strong range turnover is predicted for all. The current range will overlap with the future model from 32% (RCP 8.5) to 54% (RCP 6.0) in C. calyculata, by 27% (RCP 8.5) and 38% (RCP 6.0) in L. b ssp. borealis, and by 25% (RCP 8.5) to 48% (RCP 6.0) in P. sc ssp. sceptrum-carolinum (Table 1) . On the maps, the overlaps of the current and predicted ranges indicate putative refugia from climate change (macrorefugia) in northernmost Europe for all studied plants (Fig. 1a-c) . In Asia, the overlaps for each plant are mainly in the narrow northern zone of the current and future geographic ranges, and in North America for C. calyculata.
Genetic diversity resources under current and future scenarios
DNA sequencing
We identified seven cpDNA haplotypes in C. calyculata ( Fig.  2a ; Table 1, Supplementary information Table S3 ). Two cpDNA haplotypes were detected exclusively in the Eurasian/NW North American group. Five cpDNA haplotypes (C-G) were found only along NE North America, and three of them were unique (Fig. 2a) . We detected 35 ITS haplotypes (Fig. 2a , Table 1, Supplementary information  Table S2 ). The Eurasian/NW North American group consisted of 17 haplotypes belonging to 19 populations; 18 haplotypes were found exclusively in ten populations from NE North America. The rooted strict Bayesian phylogenetic reconstruction based on cpDNA markers revealed one well-supported Eurasian/NW North American group (99%, Fig. 2a) . For ITS sequences, the tree supported only the NE North American group (94%, Fig. 2a) .
In L. b ssp. borealis, six cpDNA haplotypes were identified in the dataset (Table 1, Supplementary information Table S3 ). Haplotype A had the widest distribution and was found in formerly glaciated and non-glaciated areas in Europe in 20 populations. The distribution of the five other haplotypes across the range revealed higher haplotype diversity in the south: haplotype B was detected in two populations in Northern and Southern Europe (Alps), haplotype C in Southern Europe and the Alps, and three unique haplotypes D, E, and F in the Alps and Carpathians (Fig. 2b) . All the haplotypes formed one group with 100% posterior probability (Fig. 2b) .
Four cpDNA haplotypes were identified in P. s-c ssp. sceptrum-carolinum (A-E, Fig. 2c , Table 1, Supplementary  information Table S3 ). Haplotype A was the most widespread, present in 13 populations in formerly glaciated areas in Europe and one Carpathian population in a non-glaciated area (Fig. 2c) . Haplotype B was restricted to non-glaciated territory of South Asia and one northern population of a formerly glaciated European range (Fig. 2c) . One cpDNA haplotype (C) was found exclusively in the southern Carpathians, another one (D) in East Asia, and haplotype E in Northern Europe (Fig. 2c) . The Bayesian tree of cpDNA haplotypes built by BEAST revealed two well-supported groups: Eurasian (77% bootstrap support) and Carpathian-East Asian (85% bootstrap support, Fig. 2c) .
The predicted future of phylogeographic structure varies under different climate models (Table 1) , but in three scenarios, the unique cpDNA haplotypes in each studied taxon will be lost in the future, while the common ones will be maintained. We forecasted that in C. calyculata, genetic erosion might involve two unique haplotypes (C and D) under RCP 4.5-8.5 in the NE North American group. The slight loss of haplotypes and decrease of h values were assessed from the ITS data in the Eurasian/NW North American group under RCP 4.5-8.5. In the NE North American group, potential loss of ITS haplotypes was ca. 22% under RCP 4.5 and 6.0, but the loss of ITS haplotype ca. 44% and h ca. 47% were considerably higher under RCP 8.5 for the future than the present (Table 1) .
In L. b ssp. borealis, the loss of two out of six cpDNA haplotypes, clustered in one haplogroup, was predicted for 2070 in all RCPs. The recalculated h and π values for the populations remaining in climatically suitable areas in the future are 11-23% lower (Table 1 ). In P. s-c ssp. sceptrumcarolinum, the distribution of phylogeographic diversity may lead to the loss of two cpDNA haplotypes (C, D), which form one distinct haplogroup, while h becomes ca. 48% lower than the current genetic diversity (Table 1) .
AFLP analysis
A total of 220-343 loci were resolved per plant taxon, with error rates of 2.7-3.1%. The three plant taxa differed in genetic diversity levels. After adjustment for uneven sample size by rarefaction, C. calyculata showed relatively low H values (0.084 for Eurasian/NW North American, 0.091 for NE North American group), similar to L. b ssp. borealis (0.089); the value for P. s-c ssp. sceptrum-carolinum (0.156) was double that that of the other two. The DW values for L. b ssp. borealis (1.62), P. s-c ssp. sceptrum-carolinum (1.46), and C. calyculata for the NE North American group (1.50) were quite similar; in C. calyculata for the Eurasian/NW North American group, the values were two times lower (0.73) than of the others. When the level of suitability for taxa persistence was applied to the estimated H values for the taxa under future climate change, the respective values for the two groups changed slightly in C. calyculata (0.083 in all three scenarios as well as 0.086 in RCP 4.5 and 6.0 and 0.099 in RCP 8.5, respectively; Table 1 ); in L. b ssp. borealis, the values were similar to the current level of gene diversity (0.087 in RCP 4.5-8.5; Table 1), and in P. s-c ssp. sceptrumcarolinum, they were 0.153 in three scenarios. In the other two circumboreal taxa, the DW values tended to decrease in the future: in the Eurasian/NW North American group of C. calyculata, the value was likewise ca. 12% lower (0.64, Table 1 ) and in the NE North American group ca. 23% lower (1.15, Table 1) for the future than for the present. In L. b ssp. borealis, the DW was 1.55 in RCP 4.5 and 1.67 in RCP 6.0 and 8.5. In P. s-c ssp. sceptrum-carolinum, the DW value was ca. 8% lower than for the present (Table 1 ). The AFLP data provided strong evidence for a correlation between longitude and DW values in C. calyculata (r = 0.50, p < 0.01, Supplementary information Fig. S3a ) as well as latitude and DW values in L. b ssp. borealis only (r = − 0.567, p < 0.01, Supplementary information Fig. S3b) . In P. s-c ssp. sceptrumcarolinum, there was a significant association between H and BIO1 (annual mean temperature, r = 0.51, p < 0.05, Supplementary information Fig. S3c ). In three circumboreal taxa, the relationship between estimated loss of genetic diversity and loss of geographical range was nonlinear; and the 95% confidence interval (CI) revealed that uncertainties referring to loss of genetic and geographical range were low (Supplementary information Fig. S3 ). RR range reduction (%), RG range gain (%), RO range overlapping (%), N number of populations, n number of samples, Hc number of haplotypes, HU number of unique haplotypes, h haplotype diversity, π nucleotide diversity, H Nei's gene diversity, DW rarity index, B-^monomorphic ITS data a Future RCP scenario was shown for the whole geographical range of Chamaedaphne calyculata
The number of clusters generated in POPS in the model of current distribution differed among the studied three plants. To obtain more detailed information about their genetic structure, we considered the cluster analysis in two separate phylogeographic groups for C. calyculata. In the Eurasian/NW North American group, the DIC curve plateaued at K max = 5; in the NE North American group, K max was at 3 (Supplementary information Fig.  S4a ). In the Eurasian/NW North American group, three genetic pools dominated in NW North America, and three others in Eurasia (Fig. 3a) . The specimens from six populations in this group represented a strong mixture of (2070) under RCP 4.5, 6.0, and 8.5 climate projections. ITS markers were polymorphic only for Chamaedaphne calyculata. Gray scale refers to logistic probability (0-1) of taxon occurrence, darkening with increasing climate suitability diverse genetic backgrounds. In the NE North American group, one distinct genetic pool was identified in southeastern North America; the others were present within the remaining populations. Admixture was observed in only two populations: one from the southern edge of the range and the other from eastern North America (Fig. 3a) ; the respective correlations between membership coefficient and predicted membership coefficient, r mp , based on current bioclimatic variables, were 0.83 and 0.98. DIC analysis showed K max = 2 in L. b ssp. borealis (Supplementary information Fig. S4b ; r mp = 0.82); the two clusters did not reflect a clear geographic structure, and almost all individuals represented a mixture of two diverse genetic backgrounds (Fig. 3b) . Four genetic pools were identified (K max = 4) in P. s-c ssp. sceptrum-carolinum (r mp = 0.88, Supplementary information Fig. S4c ). One cluster dominated in one Asian population, and the rest of the European and Asian P. s-c ssp. sceptrum-carolinum populations comprised individuals with various levels of admixture of three other gene pools (Fig. 3c) .
The POPS ancestry distribution model provided projections of genetic structure in circumboreal plant species under climate changes in 2070. The scenario of changes showed some dynamism. The predicted genetic structure differed between two phylogeographic groups in C. calyculata: Eurasia/NW North America still would have five clusters in the future but with an increased share of one cluster (green) in the Central European and East Asian populations. In the NE North American C. calyculata populations, one cluster was no longer present, and another cluster (orange) dominated the majority of populations (Fig. 3a) . It was similar in L. b ssp. borealis: almost all populations were clustered into one homogenous gene pool (Fig. 3b) . The future pattern of population genetic structure was slightly different in P. s-c ssp. sceptrum-carolinum, where four genetic pools would still exist, but in case of the more severe RCP 8.5 scenario, a few populations were characterized by the homogenous gene pools similar to the other studied circumboreal plants (Fig. 3c) . 
Discussion
Current and future predictions of the geographic and genetic diversity pattern of circumboreal plants
Our investigation suggests that the geographic range and genetic diversity patterns of circumboreal plant taxa will respond in different ways under future climate warming. The three circumboreal plants appear to lose their geographic ranges in the future (2070) under the three scenarios (RPC 4.5, 6.0, and 8.5). The range may withdraw 35-52% under the lowestemission RCP 4.5 scenario and 56-69% under more severe RPC 8.5 scenario, only slightly compensated by predicted range gains of 18-33% in three scenarios. However, those numbers should be used with caution, since mean climatically suitable areas in our study differed up to 50% from average, depending on the climate forecasting model. In our approach, we have averaged six different GCMs to account for uncertainty of future climatic conditions and mitigate prediction of potential range changes. We believe this should be a common approach, when extrapolating similar studies to future conditions. We estimated that the distribution of suitable climatic conditions for these plants will shift by ca. 8°latitude to the north in Eurasia and North America. This is in accord with work on Arctic plants predicting that at the end of the century loss of geographic range will generally be higher than the range gain (Alsos et al. 2012 ), but does not correspond to the twofold lower values given for Mediterranean-temperate tree species (Temunovic et al. 2013 ) and temperate tree species under different emission scenarios (Morin and Viner et Chuine 2008) . In our different climatic scenarios, the (highly isolated) Central European populations of the three circumboreal plants we studied will become critically endangered or even extinct in the future. On the other hand, the populations in southern Fennoscandia will rather not be at the risk of extinction suggested by Thuiller et al. (2005) , as they may exist in areas of predicted suitable climate. In the Asian distribution of the three circumboreal taxa, the potential main area of range loss is in the central and northeastern parts of the continent in all three climate scenarios.
Predicting the future geographic range of circumboreal plants adapted to specific habitats such as Sphagnum- dominated peatlands (C. calyculata) or moist meadows and peat bogs (P. s-c ssp. sceptrum-carolinum) is a complicated task. These habitats could be lost faster than their creation (Galloway et al. 1995) , even if climatically suitable areas for these taxa still exist in the current and future distributions. Thuiller et al. (2005) focused on another problem of plant diversity under climate change. Many European boreal regions may not only lose species but also gain species from southern parts of Europe. This would change the floristic composition of communities and foster competition between newly established and resident plant species.
Recent estimates of the rate of global climate change suggest that species may not be able to shift their ranges fast enough to track suitable conditions (Loarie et al. 2009) , and that species survival depends not only on neutral genetic diversity but on factors such as phenotypic plasticity, adaptive capacity, mutation rate and/or introgression, founder events, etc. (Hoffmann and Sgró 2011) . If there is an evolutionarybased perspective to the survival of populations in climatically suitable areas, these populations should be viewed especially as a matter of concern in conservation biology because it allows species to occupy a wide range of environmental niches, especially ones with broad geographic distributions. Our conclusions on the putative future genetic diversity patterns of circumboreal plants, as in most surveys, are based on surrogate neutral genetic diversity, and they rest on assumptions including no long distance dispersal and/or niche conservatism. With ENM-based methods, it is difficult to introduce interspecific biotic interaction, dispersal, and migration scenarios into projections of future distribution. We did not incorporate such features in the ENMs, leading to overestimation of the future plant distributions as well as to incongruity between the empirical and modeled spatial genetic structures.
Despite these uncertainties and the positing of assumptions that can rather increase the putative loss of genetic diversity in From past to future: impact of climate change on range shifts and genetic diversity patterns of...species (Alsos et al. 2012 ), our results demonstrate the usefulness of combining ENMs and molecular genetic analyses to forecast spatial patterns of genetic diversity. The changes in the genetic diversity patterns of these circumboreal plants depended on the type of molecular marker and patterns of genetic diversity distribution. This fact was also supported in a few other surveys, i.e., Collevatti et al. (2011 ), Alsos et al. (2012 , Jay et al. (2012) , and Temunovic et al. (2013) . In the case of circumboreal plants, the expected future loss of geographic range was not necessary accompanied by a marked reduction of genetic diversity, but it has a strong effect on allelic richness, even if genetic diversity was quite uniformly distributed. Indeed, the loss of rare alleles without any substantial loss of genetic diversity is predicted after population size reduction and genetic drift will tend to make rare alleles to disappear more rapidly than common alleles. Nei's gene diversity is weakly dependent on the loss of rare alleles, whereas allelic richness is sensitive to the number of alleles whatever their prevalence (Allendorf 1986 ). Our study showed that climatically stable areas cannot be the exclusive, decisive factor determining the patterns of genetic structure and diversity in circumboreal taxa as was suggested by Ortego et al. (2014) . Therefore, when we used the chloroplast and nuclear markers, genetic diversity was shown either to potentially remain at present-day levels or decline, while rare and unique cpDNA and ITS haplotypes in C. calyculata and L. b ssp. borealis probably will undergo significant loss. C. calyculata showed a loss of geographic range (35-56% in three RCP scenarios) and erosion of genetic diversity using nuclear (ca. 12-23%) and chloroplast (loss of two of seven cpDNA haplotypes that formed a distinct haplogroup) markers in 2070; we did observe depauperation of gene pools. A different scenario was predicted for P. s-c ssp. sceptrum-carolinum: we found slight but not significant differences between the southern and northern populations within their European geographic range, but loss of Southern European populations of P. s-c ssp. sceptrumcarolinum could cause a ca. 8% reduction of its genetic diversity in the future.
Our work also indicated that the number of gene pools and their degree of admixture in the populations throughout the distribution range was the second most important factor determining future genetic diversity patterns under climate change. Interestingly, the similarity of current and predicted (2070) genetic diversity in C. calyculata and L. b ssp. borealis estimated using AFLP markers did not match the pattern for population genetic structure. The homogeneity of the genetic background-the lack of admixture and the domination of one gene pool in most populations throughout the ranges of these two plants-becomes more pronounced in the future. In this case, the ancestry distribution model combined with geographic distribution of populations and environmental data (Jay et al. 2012 ) assumes gene flow as the main component in the response of plant populations to environmental modifications and favors migration toward similar environments. Therefore, this model showed that resident genes can move to suitable places in a way that conserves the realized niche of a given genetic cluster. Only one study of future genetic diversity has reported severe erosion of a taxon's gene pool and decreased admixture in its populations. A simulation of the genetic structure of the Mediterranean tree Fraxinus angustifolia in a future climate scenario predicted that one cluster would no longer exist (Temunovic et al. 2013) . One or two gene pools that are dominant in populations in present-day suitable areas may replace other gene pools occurring at low frequency in other populations still existing in the future. Predicting which populations will be lost, and therefore which components of genetic diversity and the gene pool will be lost, is an important task.
The lack of a particular dispersal adaptation in the small seeds of the investigated circumboreal plants may not affect their colonization ability. The moderate level of genetic differentiation estimated for these taxa (F ST = 0.173-0.289) was probably the consequence of short-distance and random longdistance dispersal, the ability to colonize specific habitats, and rapid postglacial range expansion in the Northern Hemisphere (Wróblewska 2012 (Wróblewska , 2013a ; this suggests that the lack of a dispersal adaptation will not be a major factor affecting loss of genetic diversity in these plants. For many clonal plants, recruitment from seeds is important during initial colonization (Bazzaz 1996) . The relatively low genetic differentiation among populations of circumboreal taxa might be explained by the finding of Aguinagalde et al. (2005) that species of the boreal-temperate group were probably geographically less restricted and isolated during glacial maxima, which would lead to stronger dynamics of population establishment and extinction, as well as greater seed-mediated gene flow between existing populations.
Identification of past climatic refugia and future macrorefugia
Phyloclimatic modeling that uses species distribution and phylogeographic models indicates refugial areas that are spatially and temporally more explicit than the areas given in the outcomes of either model alone (Waltari et al. 2007; Carnaval et al. 2009; Keppel et al. 2012) . Pauls et al. (2013) and Gavin et al. (2014) expanded this approach to include fossil data. This new integrative approach better identified refugia and postglacial colonization routes in Fagus sylvatica, Pseudotsuga menziesii, and Picea crassifolia (Gavin et al. 2014) .
The origin of our three studied circumboreal taxa has not been understood well. They are all insect-pollinated taxa, and palynological data from peat layers are sparse. In only one case, C. calyculata macrofossil records (seeds and leaves) were quite well investigated throughout the former distribution. Macrofossils of this species from the Late Tertiary have been found in non-glaciated regions of Alaska (Matthews and Ovenden 1990) and in northern and northeastern Siberia (Nikitin 2006) , from the end of the Wisconsin interglacial in Nova Scotia (Mott et al. 1982) , and in the Early Würm in Siberia (Laukhin et al. 2007 ). Other studies have reported only Early, Middle, or Late Holocene macrofossils from North America, Europe, and Asia (Bhiry and Filion 1996; Booth and Jackson 2003; Booth et al. 2004; Sannel and Kuhry 2008; Novenko et al. 2009 ). The pollen and macrofossil records of the other two taxa, L. b ssp. borealis and P. s-c ssp. sceptrum-carolinum, described their occurrence in the Holocene in Eurasia (Rosén et al. 2001; Anderson et al. 2006; Mol et al. 2006; Hájková et al. 2012 ). The ENMs predicted a far more widespread past distribution for each circumboreal taxon under climate simulations. In the case of C. calyculata, the combination of cpDNA and ITS data with paleo-ENMs and macrofossil records resolved the putative refugial areas in Beringia and southern North America more precisely (Wróblewska 2012 ). An integrated reconstruction of refugia during the LGM using the molecular data from chloroplast and nuclear markers along with paleo-ENMs showed that L. b ssp. borealis may have persisted in East or Central Asia (Tibetan Plateau) and in the Alps during the LGM (Wróblewska 2013b) . The paleoclimate models indicate that the past distribution of circumboreal taxa, particularly C. calyculata and L. b ssp. borealis during the late glacial, partially overlaps the distribution of boreal vegetation in Central, Southern and Eastern Asia as well as Central and Southern Europe (Allen et al. 2010 ). Identifying refugia is more complicated in P. s-c ssp. sceptrum-carolinum due to its stronger fragmentation in Europe and its disjunctive current distribution in Asia. The Bayesian approach and chloroplast data do not precisely reveal the areas where this taxon could have persisted during the LGM, probably because the refugial populations were lost due to contraction of the range. P. s-c ssp. sceptrum-carolinum refugia are found from complementary research such as paleo-ENMs as well as floristic and taxonomic diversity studies of the genus Pedicularis which show their source of expansion to be rather in East Asia (Hong 1983; Tkach et al. 2014) . The macrorefugia for the studied circumboreal plants, meaning the putative overlap of current and future climatically suitable areas, are predicted to be restricted to northern parts of Eurasia between ca. 53-64°l atitude and North America between ca. 48-59°, reaching the arctic zone. Our results suggest overlapping of 25-50% between the present and predicted distribution of these taxa; this will affect the survival of several studied populations and their future genetic resources. Intrinsic dispersal limitation seems more important for restricted-range species. It can be also argued that restricted-range species may be responding to climate gradients on scales smaller than those of widespread species (Hawkins and Diniz-Filho 2006) .
Conclusions
Climate change is considered as one of the factors influencing genetic diversity of plant species. In this study, the important question is how species' genetic diversity will change when species are moving as result of climate change. Most studies usually show predictions that global climate change may lead to the loss of future species' ranges ignoring intraspecific future genetic diversity. In the present study, an interdisciplinary approach integrating both future climate change scenarios (in 2070) under three representative concentration pathways (4.5, 6.0, and 8.5 RCPs) and genetic diversity data reveals taxon-specific responses to future climate change. The current geographic distribution of the three circumboreal plants studied here would be strongly lost in the future and only slightly compensated by a predicted range gain. Simultaneously, the overall genetic diversity of studied plants could remain similar to or lower than the present level, while unique cpDNA and ITS haplotypes will likely be lost at the taxon level. Additionally, genetic structure based on spatial Bayesian clustering described by Jay (2011) clearly reveals the homogeneity of the genetic background due to a lack of admixture and domination of one gene pool in most populations of these plants in the future. There is no doubt that a more multidisciplinary approach should be applied, coupling ENMs and genetic studies to better understand the processes of gene flow, genetic drift, and adaptation at the species level in the future. Moreover, more comprehensive studies using several molecular markers (e.g., chloroplast and nuclear DNA) are needed to interpret with greater precision perspectives of species' survival in the future, which a single molecular marker would not necessarily reveal.
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